We discuss the role that Higgs coupling measurements can play in differentiating supersymmetric extensions of the Standard Model. Fitting current LHC data to the Higgs couplings, we find that the likelihood fit shows a preference in the direction of suppressed (enhanced) bottom (top) quark couplings. In the minimal supersymmetric Standard Model, we demonstrate that for tan β > 1, there is tension in achieving such fermion couplings due to the structure of the Higgs quartic couplings. In anticipation of interpreting supersymmetric models with future data, we determine a single straightforward condition required to access the region of coupling space preferred by current data.
I. INTRODUCTION
The LHC is poised to accurately determine the mechanism of electroweak symmetry breaking, building upon the recent discovery of a new Higgs-like state near 125 GeV [1, 2] . Should this new state prove to be an elementary scalar, supersymmetry (SUSY) remains the principal candidate for stabilizing the electroweak hierarchy. However, the minimal supersymmetric Standard Model (MSSM) is somewhat strained to explain a Higgs at 125 GeV, requiring significant enhancement of the tree-level Higgs mass that is in tension with naturalness. Here, we emphasize that the structure of the MSSM also tightly constrains the possible tree-level couplings of the Higgs. If the production and decay modes of the Higgs deviate from Standard Model predictions, it would not only be an indication of new physics, but may also decisively favor or disfavor the MSSM well before other states are discovered. To this end, the measurement of Higgs couplings provide a sensitive and immediate probe of physics above the weak scale.
In this work we perform a model-independent fit of Higgs couplings using current LHC data, focusing on implications for theories with two Higgs doublets. We find that the MSSM is facing tension with certain elements of the data. At issue is the structure of its quartic Higgs potential, leading to a generic preference for enhanced coupling to down-type fermions. Indeed, the tree-level potential mandates such enhancement whenever tan β > 1 and we find even at loop-level that achieving significant suppression is atypical. By analyzing the quartic terms in full generality, we show that this conclusion can be avoided and pinpoint parameter space for the MSSM and simple alternatives to accommodate suppressed couplings to down-type fermions.
II. STATUS OF HIGGS MEASUREMENTS
We begin by establishing the relevant conventions for a type-II two Higgs doublet model (2HDM) like the MSSM.
The mass eigenstates of the neutral CP-even states are
with mixing angle α ∈ [−π/2, π/2]. The couplings of the light eigenstate h 0 to SM fields are then given by
which we will refer to as the gauge coupling, and the up and down-type Yukawa couplings, respectively. A full discussion can be found for instance in [3] . Thus the 2HDM has access to two distinct regions in the positive quadrant of Yukawa couplings, as illustrated in Fig. 1 . We now discuss the current experimental status of these Higgs couplings, which we will show can have an arXiv:1206.1058v3 [hep-ph] 24 Sep 2012 important impact on various SUSY scenarios. As has been noted in recent literature, the likelihoods of the hinted state near 125 GeV viewed in the space spanned by (sin α, tan β) are concentrated near the decoupling limit (cf. [4] ) where α → β − π/2 and all couplings take their SM values. Using current ATLAS [1] and CMS [2] results we demonstrate this in Fig. 2 using exclusive best fit information, following the statistical method of [5] and assuming that loop-induced decays are dominated by their contributions from SM fields (as will be done throughout); alternative statistical methods yield consistent results [4, 6] . We note, however, that slight deviations from the decoupling limit contour of Fig. 2 can amount to significant changes in the Yukawas; for instance the lower limit of the 68% CL contour corresponds to c b 0.7 for tan β 2. Furthermore, flat priors in this space give inequitable treatment of v u and v d . Examining the space of the Yukawas is therefore important in its own right. Analyzing the preferences of the Yukawa couplings can be done by constructing likelihoods in the space (a, c b , c t ) and marginalizing over the vector coupling, a; we show these results in Fig. 3 . The likelihood in this space has significant support only when a 0.6, and in this range we find that the best fit values for the fermion couplings always occur with c t near its SM value and c b suppressed as shown in Table I ; such a preference is further supported by the fits to fermion couplings recently reported by the ATLAS collaboration [7] . Incidentally, the preference for suppressed down-type couplings is maintained even if the combined fit includes Tevatron data, which has shown indications of increased rates in h → bb [8] . The best fit for c b in the type-II space increases by O(10%) with the inclusion of the Tevatron data, but still prefers values < 1 as indicated in Fig. 3 .
As we will discuss in the next section, this preference for suppression of down-type couplings causes tension in the MSSM, which preferentially populates the up-suppressed region when tan β > 1. Fig 1) .
III. GENERAL TYPE-II 2HDM ANALYSIS
We now consider the fermion couplings that occur in the general type-II 2HDM, identifying the conditions to have down-suppression. For the MSSM at tree level, we will find that it is impossible to have down-suppression for tan β > 1 and gain insight on why at loop level, downsuppression is pushed to a specific region of supersymmetry breaking parameter space.
Before proceeding, we pause to remark on the strong evidence from ancillary considerations that tan β > 1 in the MSSM. Simple perturbativity of Higgs-top interactions requires tan β 0.3, while more conservatively avoiding Landau poles in the top yukawa below the unification scale imposes tan β 1.5. But the Higgs mass itself may provide the strongest lower bound on tan β in the MSSM; even provided a favorable tuning of stop masses and A-terms, the MSSM requires tan β 5 to generate a Higgs mass near 125 GeV without additional contributions from new degrees of freedom [9] . Taking tan β < 1 to be essentially excluded, we can focus on the 2HDM dynamics that is required to achieve downsuppression for tan β > 1.
A. General Quartic Structure
The possibility of increasing parametric freedom in the MSSM by coupling SUSY Higgses to new fields has been studied extensively. Such thinking is certainly attractive with respect to the mass of the lightest Higgs, as the hinted state at 125 GeV would require significant tuning within the MSSM. Given the fits to LHC data presented above, it is equally useful to consider how such new parametric freedom could alter MSSM fermion couplings as a function of tan β.
We first consider the general structure of a type-II 2HDM, and determine the conditions under which downtype Yukawa couplings might be significantly suppressed at large tan β. We begin with the generic quartic terms that will contribute to the potential for the neutral fields:
Note that our conventions differ from others used in the literature. In Eq. (4), the MSSM is recovered by taking
As far as the phenomenology of the CP-even states is concerned, the effects of λ 3,6 can be encoded with a single coupling; we redefine these such that we can consider only λ 3 in determining the vacuum structure. From Eq. (3), we see that suppressing the h 0 coupling to bottom quarks requires |sin α| < cos β, or equivalently | tan α| < 1/ tan β. For tan β > 1, we may translate this into a relatively compact condition on the quartic couplings. The derivation of this condition is detailed in the Appendix, where we find
For λ 4,5 = 0, the condition can be expressed simply:
This illustrates clearly why the quartic structure of the MSSM at tree-level forbids suppression of the down-type Yukawas for tan β > 1. At loop-level in the MSSM, tan β 5 is necesary for a Higgs mass of 125 GeV. Suppression then requires
from which we see a need for corrections that reduce λ 1,3 and enhance λ 4 . The dominant corrections in the MSSM come from the top sector, which ignoring the logarithms ln mt/m t , are given by [10] δλ 1 = 3y
whereμ = µ/mt andĀ t = A t /mt and definitions of Aterms follow those of [11] . One first finds that δλ 1 > 0 providedĀ t is not too large. In fact, at maximal mixing, where the corrections to the physical Higgs mass are maximized, one requiresĀ t = ± √ 6+μ/ tan β. Obtaining such a large trilinear term is challenging for many supersymmetry breaking scenarios; this issue and the Higgs mass itself thus suggest that δλ 1 is positive, hurting the required inequality. The δλ 3 term is positive near maximal mixing, but can be negative for smallĀ t . However, the overall coefficient is small, so one requiresμ Ā t to help satisfy the inequality. Finally, δλ 4 can be positive for smallĀ t if the sign ofμ is opposite that ofĀ t . Interestingly, its size is suppressed near maximal mixing, but can be helped by the tan β enhancement in the inequality. Through this δλ 4 term, we see why the α eff scenario [12, 13] requires large tan β and negativeμĀ t (assuminḡ A t < √ 6) in order to achieve suppressed couplings to the bottom quark. These arguments are not strongly sensitive to the neglected logarithmic corrections ∝ ln mt/m t , as the terms in Eq. (9) are the matching terms from integrating out the top squarks. The neglected logarithms are the small corrections coming from renormalization group running down to the top mass, which are suppressed by an additional loop factor. The one important exception is the top quark yukawa contribution to δλ 1 , whose leading logarithmic correction also favors δλ 1 > 0.
At large tan β there are also significant contributions proportional to y b , but these act identically to the corrections in Eq. (9) with t → b, δλ 1 → δλ 2 , δλ 4 → δλ 5 ; in particular the leading correction to δλ 3 from y b has the same parametric behavior as that from y t . The bottom correction to the tan β enhanced term λ 4 is proportional toμ 3Ā b , so one prefers to have thisμĀ b > 0. For exceptionally large values of tan β (tan β 50), there are further corrections due to loop-induced couplings that violate the type-II 2HDM structure, giving a bottom quark mass from H u . These terms depend on other details of the soft spectrum such as the gluino mass, but can also help in suppressing the bottom coupling.
Even with the full LHC 2012 data set, uncertainties on fermion couplings are projected to be O(50%) [14] , so the preference for down-suppression could change. With this in mind, we note the range of down-type couplings that would be consistent with representative mass ranges of the other Higgs scalars, if such states should be discovered. Examining H 0 , for instance, we have scanned the parameter space including stop contributions to the up-type quartic in order to generate m h > m Z (we neglect scenarios with large A-terms): constraining the light Higgs to lie in the range 120 GeV ≤ m h ≤ 130 GeV, we find the coupling ranges
These conclusions remain consistent at the two-loop level computed using FeynHiggs [15] [29] . Such relationships can help to assess proposals for additional light scalars, for instance as recently discussed in [16] . Finally, we note that our analysis has focused on the 2HDM potential and neglected possible loop contributions to Higgs couplings from new light states such as top partners. However as discussed in [13] , corrections from light stops and sbottoms are unlikely to improve the current fit, since the enhancement in the γγ branching ratio is counteracted by a suppression in the gluon fusion production of the Higgs. The conclusion of a suppressed γγ rate is generally true of staus and charginos, apart from the exceptional case of maximally-mixed staus [13] .
B. New Dynamics for Down-Suppression
In order to accommodate suppressed down-like couplings at large tan β, we now turn to the introduction of new dynamics to the Higgs potential. These may arise in the form of additional chiral superfields with couplings to the Higgs or additional gauge fields under which the Higgses are charged. In the latter case, conventional D-term corrections [17] contribute symmetrically to the quartic, maintaining the relation λ 1 = λ 2 = λ 3 ; generating asymmetric corrections requires the Higgses to be distinguished by the gauge interactions as in [18] . While an appealing possibility, this has extensive ramifications for flavor and we will not pursue such gauge corrections further here.
The set of possible new matter fields with marginal couplings to the Higgs is constrained by gauge invariance to include only singlets, doublets, and triplets of SU (2) W . Singlets may couple to H u H d ; doublets separately to H u , H d ; and triplets to H u H u and H d H d as in [19] . The singlet choice is a defining element of the NMSSM and various incarnations (e.g. Fat Higgs, λSUSY, etc), where one includes
where f (S) may include various marginal superpotential terms for S such as tadpole (e.g., Fat Higgs), quadratic (S-MSSM [20] ), or cubic (NMSSM) interactions. The interaction Eq. (10) yields an F -term contribution to the Higgs quartic that depends on λ and can thus contribute significantly to the Higgs mass. In the case of the NMSSM, f (S) = κS 3 and the singlet S acquires a vev. If the soft mass of the singlet is large, doublet-singlet mixing is small and the primary change in the Higgs potential comes from the quartic correction δλ 3 = −|λ| 2 /2 [21] . This quartic coupling can flip the sign of λ 3 , making it much easier to satisfy Eq. (6) . Alternately, we may consider the case when the entire supermultiplet S is massive and may be integrated out above the electroweak scale [22] . If the singlet acquires a large supersymmetric mass M S , the leading quartic correction is
where µ is an explicit superpotential mass term for H u H d . If µ * < 0, these are particularly helpful in Eq. (6) . If the singlet also acquires a sizable Bµ-type nonsupersymmetric massm S , this results in a correction to the quartic of the form δλ 6 = −λ 2mS 2M S . Finally, when the singlet is relatively light there may be considerable doublet-singlet mixing in the mass eigenstate h 0 , and it is no longer sufficient to consider the 2HDM potential alone. This mixing suppresses all treelevel couplings of h 0 and favors c b , c t < 1, though it may preferentially suppress the coupling c b [23] .
In the case of new hypercharge (Y = ±1) triplets, couplings may be introduced via interactions of the form
If the scalar triplets are heavy due to a large soft mass, their primary correction to the Higgs potential is of the form δλ 1 = |λ T | 2 , δλ 2 = |λT | 2 . Alternately, when T,T acquire a large supersymmetric mass M T , the leading quartic correction is of the form δλ 4 = δλ 5 = −2λ T λT µ * M S , while in the presence of a significant Bµ-type soft mass m T there is a correction δλ 6 = −λ T λTm T M T [22] . The final option is to include couplings to new doublets. In contrast with the singlet and triplet cases, this is done linearly in the superpotential, i.e.
where the operators O u,d can emerge as composite objects from some new strong dynamics; cf. [24, 25] . Here the couplings λ u,d fix β, while the (positive) Higgs soft masses can be used to freely tune α along with the Higgs mass itself; the two angles are fully independent in this case. The region of c b -c t that is closed for the large tan β MSSM is thus reopened, with the possibility of realizing e.g. c b → 0, c t → 1 even in the limit tan β → ∞. The resulting phenomenology could then differ drastically from the MSSM [26] , and would provide relief if future data single out a region of enhanced up-type couplings.
IV. CONCLUSIONS
In this paper, we have performed a model-independent fit of current LHC data to the three-dimensional parameter space of tree-level Higgs couplings. Our fit shows an interesting preference for deviation from Standard Model Higgs values in the direction of suppressed (enhanced) bottom (top) quark couplings under the assumption that new charged and colored states are sufficiently heavy so as to induce contributions in h → gg and h → γγ that are relatively small compared to their SM values. These results are preliminary due to limited statistics, but confirming such nonstandard fermion couplings would have important implications. Our general type-II 2HDM analysis shows that such couplings are difficult to achieve in the MSSM for tan β > 1, due to its tree level Higgs quartic potential, requiring loop corrections pointing to particular corners of supersymmetry breaking parameter space.
As fits improve with increasing statistics, they will provide a lower bound on the mass of additional scalars in the MSSM and may suggest that viable supersymmetric theories of electroweak symmetry breaking involve additional degrees of freedom beyond two Higgs doublets. To this end, our analysis was used to pinpoint extensions of the supersymmetric Higgs sector that enable bottom suppressed couplings. In addition, beyond supersymmetry, our conclusions relating the structure of the 2HDM potential to the couplings of the Higgs are very general and may prove useful in interpreting future measurements of Higgs properties.
To obtain a limit on the quartic couplings, we may express tan α in terms of the mass-squared matrix for the fluctuations via
where
These, in turn, may be written as
A sin 2β (A3) where A 0 , B 0 have no m A dependence and take the form
We can see from Eq. (A3) that in the limit of large m A , tan α ∞ = −1/ tan β, corresponding to the usual decoupling limit, α = β − π/2. There are no extrema in tan α in the relevant range of m 
Case 2 is never satisfied when tan β > 1. To see this, assume B 0 > 0, in which case A cross = A 0 − B 0 cot 2β. In Case 2 we also have A cross < 0, which requires that A 0 /|B 0 | < cot 2β. However, tan α 0 < 1/ tan β requires that A 0 /|B 0 | > 1 2 (tan β − cot β). These are compatible inequalities if 1 2 (tan β − cot β) < cot 2β. This compatibility only occurs for tan β < 1. Thus, Case 2 is impossible to realize for tan β > 1.
Case 3 occurs when B 0 > 0 and A 0 /|B 0 | > cot 2β = − 1 2 (tan β − cot β). Thus combined with Case 1, suppression of the bottom quark coupling for tan β > 1 requires
which translates into the following condition on the quartic couplings: This general condition agrees with the leading term as one takes the decoupling limit, as explored in [21, 27, 28] .
